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SUMMARY 
. 
R e s u l t s  from a n a l y t i c a l  and experimental s t u d i e s  of t h e  aerodynamic char- 
a c t e r i s t i c s  of a turbojet-boosted launch vehic le  concept through a Mach number 
range of 1.50 t o  2.86 are presented. The vehic le  c o n s i s t s  of a winged o r b i t e r  
u t i l i z i n g  an area-ruled axisymmetric body and two winged t u r b o j e t  boosters  
mounted underneath t h e  o r b i t e r  wing. This study concentrated pr imar i ly  on drag 
c h a r a c t e r i s t i c s  near zero l i f t .  Force measurements and flow v i sua l i za t ion  
techniques were employed. E s t i m a t e s  from wave drag theory,  supersonic l i f t i n g  
sur face  theory,  and impact theory a r e  compared with da ta  and ind ica t e  the  a b i l -  
i t y  of these  theo r i e s  t o  adequately p red ic t  t h e  aerodynamic c h a r a c t e r i s t i c s  of 
t h e  vehicle.  Despite t h e  exis tence of mult iple  wings and bodies i n  c lose  prox- 
imity t o  each o ther ,  no l a rge  sca l e  e f f e c t s  of boundary-layer separa t ion  on 
drag or  l i f t  could be discerned. Total  drag l e v e l s  were, however, s ens i t i ve  t o  
booster loca t ions .  
INTRODUCTION 
Various s tud ie s  have been made i n  an e f f o r t  t o  i d e n t i f y  key requirements 
and problems of poss ib le  second-generation space t r anspor t a t ion  systems. Sev- 
e r a l  concepts have been put  f o r t h  a s  o f f e r ing  so lu t ions  t o  perceived f u t u r e  
needs. (See r e f s .  1 t o  5.) This paper w i l l  address the  supersonic aerody- 
namics of one of these  concepts,  a turbojet-boosted o r b i t e r  r e fe r r ed  t o  a s  t h e  
Spacejet .  (See r e f s .  3 and 5. ) 
Key fea tu res  of t he  Spacejet  concept a r e  i l l u s t r a t e d  i n  f igu re  1. The 
system is completely reusable  and would operate  from runways i n  a manner much 
l i k e  conventional a i r c r a f t .  A rocket-powered o r b i t e r  containing l i q u i d  hydro- 
gen and oxygen p rope l l an t s  i s  supported by twin boos ters  during take-off .  
These boosters  each have s i x  t o  e igh t  l a rge  hydrocarbon-fueled tu rbo je t  engines 
of t he  type proposed f o r  fu tu re  supersonic t r anspor t s .  The boosters  conta in  
t h e i r  own fue l  and t h e  heavy take-off r o l l i n g  gear which can typ ica l ly  weigh a s  
much a s  the  o r b i t e r  payload (29 500 kg (65 000 l b ) ) .  A t  take-off r o t a t i o n ,  
l i f t  forces  of near ly  580 000 N (2.6 X lo6 l b )  must be generated by the  
complete vehic le ,  including o r b i t e r  and booster  l i f t i n g  sur faces  and any l i f t  
component of booster  t h r u s t .  After a high angle-of-attack take-off ,  t h e  
vehic le  acce le ra t e s  on t u r b o j e t  t h r u s t  t o  a s t ag ing  Mach number near 3.5. 
During acce lera t ion  t o  t h i s  s tag ing  Mach number, a high dynamic-pressure 
t r a j e c t o r y  is  followed t o  maximize t h r u s t  of t he  t u r b o j e t  engines minus vehicle  
drag. A t  s tag ing ,  both boosters  separa te  and f l y  back t o  base. A t  t he  s a m e  
t i m e ,  rocket engines are ign i t ed  which propel t h e  o r b i t e r  i n t o  Earth o rb i t .  
Reentry and landing of t h e  o r b i t e r  a r e  s imi l a r  t o  present  space s h u t t l e  
operation. 
Preliminary design s tud ie s  of t h e  Spacejet concept ind ica ted  vehicle  a rea  
r u l i n g  w a s  t h e o r e t i c a l l y  of great importance i n  reducing t ransonic  wave drag 
(ref.  6). The full-scale concept, therefore ,  was a rea  ru led  t o  optimize t h e  
complete vehicle wave drag at Mach 1.3. The geometrical complexity of the 
concept, however, gave rise to concerns that flow separation caused by interac- 
tion effects between wings and bodies could drastically increase drag above the 
theoretically calculated values. Accordingly, a 1/100-scale wind-tunnel-model 
representation of the full-scale concept was built to test the validity of 
theoretical methods for this class of configurations. This paper presents the 
results of the high-speed (Mach 1.50 to 2.86) wind-tunnel investigation of this 
model. A general overview of the aerodynamics of the Spacejet across the Mach 
number range from 0.3 to 2.86 is presented in reference 6. 
SYMBOLS 
The longitudinal characteristics are presented about the stability-axis 
system. The moment reference point was at a longitudinal station 75.0 percent 
of the fuselage length aft of the nose. Measurements and calculations were 
made in the U.S. Customary Units. They are presented herein in the Interna- 
tional System of Units (SI) and parenthetically in U.S. Customary Units. For a 
description of model nomenclature, see the appendix. 
CD 
‘D , min 
cL 
CL ,o 
drag coefficient, Drag/q,Sref 
minimum drag coefficient 
lift coefficient, Lift/q,Sref 
lift coefficient at CDtmin 
change of lift with angle of attack, aCL/aa , per degree 
cLa 
change of rolling-moment coefficient with angle of sideslip, 
c ‘B  
8=00 
- 8=30 , per degree 
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‘m 
P C 
pitching-moment coefficient, Pitching moment/q S L 
change of yawing-moment coefficient with angle of sideslip, 
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@ = O O  
- ‘n ‘n 8=30 , per degree 
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P - P, 
qm 
coefficient of pressure, 
a1 t i t ude 
drag due to lift, acD/a(cL - c l 2  
L, 0 
body length, 0.701 m (27.6 in.) 
2 
L/D 
M 
NRe 
P 
PO 
Po0 
9, 
R 
S 
'ref 
TO 
X 
ac X 
a 
6 
l i f t - d r a g  r a t i o ,  S I C D  
free-stream Mach number 
Reynolds number per u n i t  length 
s t a t i c  pressure  
free-stream to t a l  pressure 
free-stream s ta t ic  pressure 
free-stream dynamic pressure  
r ad ius  
a rea  
re ference  area,  approximately equal t o  a rea  of o r b i t e r  
2 t h e o r e t i c a l  main d e l t a  wing (0.0929 m2 ( 1 f t  
free-stream t o t a l  temperature 
coordinate  d i r ec t ion  along body a x i s  
aerodynamic center  loca t ion  measured from fuselage nose 
angle of a t t a c k ,  deg 
angle  of s i d e s l i p ,  deg 
DESCRIPTION OF MODEL 
A photograph of t h e  Spacejet  model i n  the  Langley Unitary Plan Wind Tunnel 
is shown i n  f igu re  2. A model drawing is  shown i n  f i g u r e  3. The o r b i t e r  fuse- 
lage is  of circular c ros s  sec t ion  with an area d i s t r i b u t i o n  based on t h e  area-  
ru l ed  fu l l - sca l e  concept previously described. The 55O leading-edge sweep, 
8-percent-thick d e l t a  wing of t he  o r b i t e r  can accept  t he  booster  i n  a v a r i e t y  
of pos i t ions  a s  shown i n  f igu re  3. Model wing leading  edges have a rad ius  of 
0.102 cm (0.040 i n . ) .  The gothic  s t r a k e  shown i n  f i g u r e  3 w a s  designed by 
John E. L a m a r  us ing the  procedure of reference 7 t o  maximize vortex l i f t  a t  l o w  
speeds. 
Twin o r b i t e r  v e r t i c a l  f i n s  a r e  located outboard of a poss ib le  opened 
shut t le- type payload door. Twin canted booster  f i n s  w e r e  designed t o  provide 
longi tudina l  as w e l l  as d i r e c t i o n a l  s t a b i l i t y  and con t ro l  €or booster-alone 
f l i g h t .  Only l imi t ed  tests w e r e  conducted with t h e  f i n s  i n  place,  p r imar i ly  t o  
determine any adverse e f f e c t s  on drag and l i f t .  
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Booster pods are of c i r c u l a r  c ross  sec t ion  with constant-area,  c i r c u l a r ,  
flow-through ducts ,  as seen i n  f igu res  3 and 4. N o t i c e  i n  f i g u r e  4 t h a t  t h e  
c ross -sec t iona l  area a t  t h e  booster-pod e x i t  is l a r g e r  than t h e  a rea  of t he  
duct,  r e s u l t i n g  i n  a booster  base area.  This base a rea  w a s  pressure i n s t r u -  
mented t o  f a c i l i t a t e  base drag cor rec t ions  t o  the  data.  
53.5 
54.8 
56.4 
63.5 
75.5 
98.4 
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EXPERIMENTAL PROCEDURE 
T e s t s  w e r e  conducted i n  the  Langley Unitary Plan Wind Tunnel a t  Mach num- 
be r s  of 1.50, 2.00,  and 2.86. In order t o  obta in  a minimum drag p r o f i l e  across  
the  Mach number range, a few configurat ions were also t e s t e d  a t  Mach numbers of 
1.60, 1.70, and 2.36. The t e s t s  were conducted under t h e  following condi t ions:  
M 
1.50 
1.60 
1.70 
2.00 
2.36 
2.86 
K per  m e t e r  
6.56 X IO6 
NRe 
per foot  
Boundary-layer t r a n s i t i o n  inducing s t r i p s  of No. 50 sand g r i t  w e r e  appl ied 
1.016 cm (0.40 i n . )  streamwise behind the  lead ing  edge of a l l  wings, f i n s ,  
strakes, boosters ,  and booster ducts. A s t r i p  was a l s o  appl ied t o  the  o r b i t e r  
body 3.048 c m  (1.20 i n . )  a f t  of the  nose. The g r i t  s i z e  and loca t ion  w e r e  
s e l ec t ed  according t o  t h e  method of reference 9 t o  in su re  f u l l y  turbulen t  
boundary-layer flow a f t  of t he  t r a n s i t i o n  inducing s t r i p s .  Skin-fr ic t ion drag 
on the  booster ducts was estimated by the  method of re ference  10 and was 
removed from a l l  measured a x i a l  forces .  Forces and moments on t h e  model were 
measured by means of a six-component strain-gage balance contained within the  
model. The balance was connected through a supporting s t i n g  t o  t h e  permanent 
model ac tua t ing  system i n  the  wind tunnel.  The angle-of-attack range was from 
-4O t o  15O a t  Oo and 3O s i d e s l i p .  The angle of a t t ack  was cor rec ted  f o r  tunnel  
a i r f low misalignment and f o r  def lec t ion  of the  s t i n g  and balance under load. 
Pressures were measured on the  bases of both the  o r b i t e r  and the  boos te rs ,  
and the  experimental data  w e r e  cor rec ted  t o  free-stream s t a t i c  pressure on 
these bases.  A representa t ive  s e t  of these  measurements is  shown i n  f i g -  
ure  5. (Note t h a t  t h i s  f i gu re  includes da ta  from t e s t s  on t h i s  same model made 
i n  the  Langley 8-Foot Transonic Pressure Tunnel.) The two sketches i n  the  t o p  
r i g h t  of t he  f i g u r e  show cross-sect ional  views of t he  base of t he  o r b i t e r  and a 
booster;  t he  sketches a l s o  show t h e  loca t ion  of t he  pressure  measurements and, 
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in the case of the orbiter, the cross-sectional area of the two different 
stings used. In calculating the orbiter base drag, the pressures measured at 
the location of tubes 1 and 2 were assumed to act over areas 1 and 2, respec- 
tively, while the balance chamber pressure was assumed to act over the body 
cavity area. For the booster base, the pressure was measured by a circular 
manifold with four holes in it, as shown in figure 5. This pressure was 
assumed to act over the whole base area, exclusive of the opened duct. The 
pressure coefficients at each location are plotted in the figure as a function 
of Mach number. 
0.7 vacuum pressure coefficient, is also plotted. 
For reference, the parameter -1/M2, which corresponds to a 
DISCUSSION 
Drag Characteristics 
The drag on a vehicle can be divided into two components: a minimum drag 
and a drag component due to lift. In the case of the Spacejet, the most impor- 
tant of these is the minimum drag because the flight trajectory involves a low 
angle-of-attack supersonic acceleration in order to maximize thrust minus 
drag. Supersonic zero-lift wave drag for the model was calculated by the far- 
field wave drag theory of reference 11 which analyzes the overall system area 
distribution and is not concerned with the details of local surface interac- 
tion. This method of wave drag analysis determines the average wave drag for a 
series of equivalent bodies which are formed by calculating the cross-sectional 
area distributions of the complete configuration along Mach planes. A 
computer-generated drawing of the geometry input to this program is shown in 
figure 6. A l l  parts of the configuration are represented except for the 
booster strakes, which contribute only negligibly to total cross-sectional area 
and, because of program limitations, are not included. 
The theoretical results have shown surprisingly good agreement with exper- 
iment especially when considering the complexity of the model. Figure 7 pre- 
sents a comparison of experimental data and theoretical results for the model 
without fins for the boosters in four different positions. The theoretical 
drag consists of a wave drag contribution calculated by the method of refer- 
ence 11 and a skin-friction contribution calculated by the T-prime method 
(ref. 10). Notice the reduction in drag as the boosters are moved forward, 
especially at the lower Mach numbers. According to the supersonic area rule 
theory, lowering the maximum cross-sectional area and/or smoothing the area 
distribution curve results in a lower wave drag. Such an effect can be seen in 
figure 8, which is an example of area-distribution contours calculated by the 
program of reference 11 for the numerical model without fins at a Mach number 
of 1.50. Notice that as the boosters move aft, the longitudinal changes in 
cross-sectional area become more severe, which implies increasing drag. 
Inspection of the curves in figure 7 shows this to be true. The forward 
booster position produces the lowest drag and is seen here to have the smooth- 
est area distribution. The theoretical wave drag for any booster location at a 
particular Mach number could perhaps be reduced by employing an optimum area 
distribution for that Mach number; however, this could cause an undesirable 
drag increase at other Mach numbers and could reduce the overall efficiency of 
the total acceleration trajectory. In general, it can be seen that the drag of 
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this vehicle is sensitive to area-ruling effects. Furthermore, these effects 
can be predicted especially well at the lower Mach numbers where thrust-minus- 
drag levels become very critical. 
Theoretical and experimental minimum drag variation with Mach number for 
the configuration buildup is shown in figure 9. Orbiter-alone drag is well 
predicted by theory. Addition of the boosters causes some mismatch between 
theory and experiment, with further discrepancy accompanying the addition of 
fins. 
In general, however, the agreement between theory and experiment was good 
considering the complexity of the model and the many possibilities for local 
flow-separation effects. Schlieren photographs (fig. 10)  show no obvious 
regions of undesirable subsonic flow. In particular, the booster inlets are 
seen to be started, and the booster exit flows appear supersonic. 
Oil-flow tests of the model with fins and with boosters at the inboard 
nominal position were conducted at Mach numbers of 1.50 and 2.86 with a 
fluorescent-oil technique. Photographs of typical oil-flow patterns are shown 
in figure 11. Overall, no large areas of flow separation appear. Top views of 
the model reveal an interaction between orbiter vertical fins and disturbances 
emanating from the orbiter strake-wing intersection. Considerable flow anqu- 
larity about the fins is also evident from the asymmetrical flow patterns pro- 
duced by the orbiter fins on adjacent wing surfaces. These local flow interac- 
tions are, of course, not treated in the far-field wave drag theory of ref- 
erence 11 and, for that reason, are likely to contribute to the overall dis- 
crepancy between theory and experiment noted in the discussion of figure 9. 
Views of the model lower surface at M = 1.50 (fig. ll(a)) show a small sepa- 
rated region on the orbiter body center line near the intersection of booster- 
pod shock waves. This separation region apparently disappears at the higher 
Mach numbers. 
Lift Characteristics 
Comparisons between the theoretical lifting surface method of reference 12 
and angle-of-attack data at supersonic speeds are shown in figure 12. The 
upper diagram in figure 2 illustrates the input planforms of the orbiter- 
booster combination and the orbiter alone. The orbiter boosters were repre- 
sented as an uncambered flat plate with a planform equivalent to the subtended 
outline of the orbiter boosters. The orbiter alone was input similarly. Con- 
sidering the simplicity of the representation, agreement between theory and 
experiment is surprisingly good - implying that in those regions where the 
boosters overlap the orbiter, mutual cancellation of forces occurs. It should 
be pointed out that experimental-data values correspond to a model angle of 
attack of 4 O ,  the likely attitude of the vehicle during acceleration. At 
higher angles of attack, the experimental pitching moment is not well predicted 
by lifting-surface theory as used in this paper. 
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Comparison of Linear Theory and I m p a c t  Theory 
F i g u r e  13 presents  t h e  t h e o r e t i c a l  r e s u l t s  from l i n e a r  theory and impact 
theory and t h e  experimental da ta  a t  Mach numbers of 2.00 and 2.86. The impact 
methods w e r e  appl ied through a modified vers ion of t h e  program of re ferences  13 
and 14. A discussion of these  modifications can be found i n  t h e  appendix of 
reference 15. The compressive impact methods cons is ted  of tangent-cone theory 
over the  o r b i t e r  and booster  bodies and tangent-wedge theory appl ied t o  t h e  
wing and s t r ake  surfaces .  Prandtl-Meyer expansion pressures  w e r e  used on a l l  
lee-s ide surfaces .  Skin f r i c t i o n  f o r  t he  impact methods was ca l cu la t ed  within 
the  program by the  method of Spalding and Chi  ( r e f .  16). In general ,  l i f t  and 
drag forces  w e r e  b e t t e r  pred ic ted  by using l i n e a r  theory techniques than by 
using i m p a c t  theory methods. These impact methods do not  consider mutual 
i n t e r f e rence  e f f e c t s  such a s  between t h e  o r b i t e r  and booster sur faces ;  however, 
in te r fe rence  is  accounted f o r  i n  the  wave drag program of reference 11 and w a s  
i m p l i c i t l y  assumed i n  t h e  l i f t i ng - su r face  program of reference 12 by repre- 
sen t ing  the  geometry a s  a s ing le  planar  surface.  P i tch ing  moments are b e t t e r  
pred ic ted  by impact theory although ne i the r  theory could be considered 
accurate,  e spec ia l ly  a t  t he  higher angles of a t t ack  and lower Mach number 
( M  = 2.00) .  It is  understandable t h a t  as the  Mach number increases ,  flow 
in t e rac t ions  between boosters  and o r b i t e r  decrease as a result of t h e  more 
highly swept na ture  of Mach angles and shock waves. The impact methods, which 
do not account f o r  these  mutual flow in t e rac t ions ,  become more accurate  a t  t h e  
higher Mach numbers. 
Lateral-Direct ional  Charac t e r i s t i c s  
Figure 14 presents  experimental r e s u l t s  f o r  l a t e r a l  and d i r e c t i o n a l  s t a -  
b i l i t y  parameters. It i s  i n t e r e s t i n g  t o  note t h a t  t h e  d e s t a b i l i z i n g  e f f e c t  on 
l a t e r a l  s t a b i l i t y  of adding the  booster t o  the  o r b i t e r  is  almost negated 
by the  addi t ion  of t h e  o r b i t e r  and booster  f i n s .  C I B  
Direct ional  s t a b i l i t y  C, of the  o r b i t e r  i s  not changed appreciably by 
t h e  addi t ion  of t h e  boosters.  @This is  because the  booster is  conceptually 
designed t o  be long i tud ina l ly  loca ted  i n  the  v i c i n i t y  of t h e  o r b i t e r ’ s  cen te r  
of gravi ty .  The addi t ion  of f i n s  t o  the  o r b i t e r  and boosters  do provide l a rge  
margins of pos i t i ve  d i r ec t iona l  s t a b i l i t y  throughout t he  supersonic speed 
range. 
E f fec t  of Orbi ter  Wing Ver t ica l  Posi t ion 
As mentioned previously ( a l s o  see r e f .  61, t h e  Spacejet  concept w a s  area- 
ru l ed  by reducing t h e  o r b i t e r  body cross-sect ional  a rea  d i s t r i b u t i o n  i n  t h e  
v i c i n i t y  of t he  o r b i t e r  wing and boosters .  The s tandard,  or low-wing vers ion 
of the  o r b i t e r  i s  t h e  one shown i n  f igu res  2 and 3. For t h i s  vers ion the  
reduced fuselage a rea  is  separated from the  boosters  by t h e  o r b i t e r  wing plan- 
form. The f a r - f i e l d  wave drag program of reference 11 treats all geometrical 
components a s  t ransparent ;  thus ,  f o r  example, t he  o r b i t e r  body above t h e  wing 
can t h e o r e t i c a l l y  i n t e r a c t  aerodynamically with the  boosters  below t h i s  wing. 
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To test these assumptions of wave drag theory and to investigate other interac- 
tions between a close-coupled orbiter body and booster, a high-wing arrangement 
of the Spacejet model without fins was tested. Figure 15 presents a comparison 
of the minimum drag of the high-wing and low-wing configurations. As can be 
seen, the difference in the drag levels is negligible. Indirectly, the simi- 
larity of the two results implies that separated flow problems caused by local 
interactions are of a minor nature on this configuration. 
Experimental Longitudinal Aerodynamic Characteristics 
The aerodynamic characteristics of all model configurations tested are 
presented in figures 16 to 29. Each figure presents the data for one configur- 
ation at Mach numbers of 1.50, 2.00, and 2.86. Included in each figure are six 
plots: lift coefficient, drag coefficient, and moment coefficient as functions 
of angle of attack and drag coefficient, moment coefficient, and lift-drag 
ratio as functions of lift coefficient. The figures are presented in the 
following order (for a description of model nomenclature, see the appendix): 
Figure 
Configuration breakdown: 
O(B+W+S+F)LW + B(P+W+S+F)IN; 6 = Oo ................................. 16 
O(B+W+S+F)LW + B(P+W+S+F)IN; B = 30 ................................. 17 
O(B+W+S)LW + B(P+W+S)IN; B = Oo ..................................... 18 
O(B+W+S)LW + B(P+W+S)IN; B = 3 O  ..................................... 19 
O(B+W+S)LW + B(P)IN; 6 = oo ......................................... 20 
O(B+W+S)LW + B(P)IN; B = 30 ......................................... 21 
O(B+W+S)LW; B = Oo .................................................. 22 
O(B+W+S)LW; B = 3 O  .................................................. 23 
O(B+W)LW; B = 00 .................................................... 24 
Different booster locations: 
O(B+W+S)LW + B(P+W+S)IF; B = 00 ..................................... 25 
O(B+W+S)LW + B(P+W+S)IA; B = Oo ..................................... 26 
O(B+W+S)LW + B(P+W+S)ON; B = Oo ..................................... 27 
High wing: 
O(B+W+S)HW + B(P+W+S)IN; B = oo ..................................... 28 
O(B+W+S)HW + B(P+W+S)IN; B = 3O ..................................... 29 
CONCLUDING REMARKS 
Predictions from standard linear supersonic drag theories were in very 
good agreement with experimental data for a complex vehicle having multiple 
bodies and wing surfaces in close proximity to one another. These results, in 
conjunction with flow-visualization studies, indicate that separated flow prob- 
lems caused by local interactions are of a minor nature on this configuration. 
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The application of area-ruling principles for selecting booster location 
was found to have a very significant effect on supersonic drag levels. Small 
changes in booster fore and aft location haa very significant effects on drag. 
Impact theory was not as effective as linear theory in predicting the 
aerodynamic characteristics of the vehicle. 
Langley Research Center 
National Aeronautics and Space Administration 
Hampton, VA 23665 
June 9, 1981 
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APPENDIX 
MODEL NOMENCLATURE 
The model nomenclature used t o  descr ibe t h e  var ious configurat ions of t h e  
Spacejet  is out l ined  below. (Also, see f i g .  3.  ) 
O r b i t e r  or booster :  
0 o r b i t e r  
B booster  
Component: 
B body of o r b i t e r  
P pod of booster  
W wing 
S s t r a k e  
F f i n s  
Orbi ter  wing pos i t ion :  
L W  low wing 
Hw high wing 
Booster pos i t ion :  
I N  
I F  
I A  
ON 
inboard nominal 
inboard forward 
inboard a f t  
outboard nominal 
For example: 
O(B+W+S)LW + B(P+W+S)IN 
J. J. 
Orbiter  with body Booster with pod + wing 
+ wing + s t r ake ,  + s t r ake ,  posi t ioned a t  
low wing inboard nominal loca t ion  
on o r b i t e r  wing 
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TABLE I.- NUMERICAL DESCRIPTION OF SPACEJET MODEL 
L 
[See reference 81 
(a) Dimensions in centimeters 
- . . - . . - . - .- . . .. . -. . . . - . .. _. . . - - . .. . . . ^ ^ - . . . 
S P A C E J E T  . Y O D E L  INBOARD NCIHINAL K I T H  S T R A K E S  .. 
1 1  1 1  1 1  0 1 6 2 3  1 1 3 2 0  0 0 0 0 0 0 111 4 
365.75 
0.000 L039-  ~ 1 4 4  - 3 0 2  a 4 9 2  6.029 11 .560 17 .085 22.600 
33.629 39.145 44.666 50.189 55.718 61.250 66.788 72.328 77.857 
CL@rP1? ..941 !t481@Q>,llQQ . .  . . .. .. . . .. - . - . - 
12.06 2.59 --i.75 61.i4 
18.42 4 r R 7 ~  -1.75 54.77 
25.33 6 1 0 8  -1.75 47.89 
34.15 7.30 -1.75 39 .04  
47.19 8 .51  -1.75. 26.00 
.48.9?. . '33 7 3  . - L r ? 5  - 2 4  26  - . .. .. 
50.65 10.95 -1.75 22.52 
52.40 12916 -1.75 70 .76  
54.14 1393t' -1.75 19.04 
55.87 14 .60  -1.75 17 .30  
57 .61  1 5 r P l  -1.75 1 5 . 5 6  
5 9 . 3 5 .  17xQ3. . - 1 . e . 7 5  .13sBZ. . .. . - . . . - . _. . . - 
61.05 18.24 -1.75 12 .08  
62.82 19 .46  -1.75 10 .35  
64.56 20.6e -1.75 8 .61  
66.30 21.89 -1.75 6.87 
_ 
10 2 10 
28.116 XAF 2 3  
V4F 2 3  
WAFORG 5 
WAEOQG 6 
WAFORG 7 
WAFOQG 8 
WAFORG 9 
- .- YAFORGIO 
WAFDRGll 
WAF09G12 
WAFOQG13 
WAFOQGl4 
UAFClRG15 
._ - WAF Q 1 6  Q-G 
WAFORG17 
WAFORGl8 
YAFOQGl9 
WAFDRG20 
8 3 . 4 0 4  X A F  2 3  
0.00 0.00 0.00 0.00 0.00 0 . 0 0  0.00 0.00 0.00 0.00 T Z O Q r )  h 
0.03 0.00 0.00 0.00 0.00 0.00 0.00 0 . 0 0  0.00 0 . 0 0  TZ'IRD 6 
0 . 0 3  0 . 0 0  0 . 0 0  TZORO 6 
0 . 0 3  0 .00  0.00 0 .00  0.00 
--o_!Qo- -.g.oo o,go 0.00 o.-OQ 
0.00 0.00 0.00 
0.03 -0.00 0.00 0 .00  0.60 
O-oOD 0.00 0.00 0.00 0.00 
0.00 0.00 0 . O Q  
0.00 0 . 0 0  0.00 0.00 0.00 
0.03 0.00 0 .00  0.00 0200 
0.09 0?00 0.00 0.00 0.00 
0.00 0.00 @ e 0 0  0.00 0.00 
0.00 o.o.c_ 0.00 
OeQD- 0 . 0 0  0.00 0 . C O  0.00 
0.00- -0.00 0.00 0.00 0.00 
0.0'3 0.00 0.00 0.00 -0.00 
0.00 0.00 0.00 
0.03 0.00 0.00 0.00 0.00 
1 3  
I 
TABLE I.- Continued 
(a) Continued 
0.03 
0.09 
0.09 
0.03 
0 .00  
0.03 
0.09 
0.00 
0.90 
0.03 
0.00 
0.09 
0.03 
0.03 
0.93 
0.03 
0.03 
0.00 
0.00 
0.09 
0.03 
0.03 
0.009 
. 2 6 3  
1.335 
0.090 
.293 
1 340  
0.000 
. 3 3 7  
0.000 
.779 
1 549 
0.009 
3.643 
1.550 
0.003 
3.649 
1.548 
0.000 
3 h56  
1.545 
0.000 
3 .6h l  
1.542 
0.009 
3 667 
1 533 
9.003 
3 679  
1.534 
3.003 
3.690 
1 579 
0.093 
3 0 704  
1.52? 
1.495 
0.00 
0.00 
0.00 
0.00 
0.oc 
0.00 
0.oc 
O.O@ 
0.oc 
0.00 
0.00 
0.00 
O,O@ 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.oc 
0.00 
.PO4 
, 2 6 0  
..740 
,004 
2 9 0  
.742 
.004 
, 337  
.793  
.004 
1 e555 
71C 
. I  6(r 
?.P54 
. p 2 3  
e167  
3.p57 
.P2? 
.175 
3.P6@ 
. P ? O  
. i 8 4  
3.R64 
, A 1 0  
.195 
. .11.00 
0 .oo 
0 .oo 
0.00 
0.00 
0 .oo 
0 .oo 
0.00 
0 .oo 
0.00 
3 .oo 
0.00 
0.00 
0 000 
3.00 
0 .oo 
0.00 
0.00 
0 .oo 
0.00 
0.00 
3.00 
e015 
325 -. 000  
-01 4 
.369 -. 000 
014  
1.111 -. 000 
- 0 1 4  
2 . 0 8 2  -. 000 
. t 9 5  
3 972  -. 000 
308 
3.973 -. 000 
.322 
3.974 -. 000 
.339 
3.976 -. 000 
3 6 1  
3.869 3.977 
.R16 -.ooo 
.209  ,385 
3.R74 3.979 
,814  -.000 
0 2 1 6  e401 
3 0 e 8 1  3.982 
. P 1 1  -.ooo 
. 2 O C  ,419 
3 . P P P  3.984 
. eo7  0.000 
0.00 
0.00 
0.00 
0.00 
0 .oo 
0.00 
0.00 
0.00 
0.00 
0.00 
0 .00 
0.00 
0.00 
0.00 
0 3 0  
1.120 
0 3 0  
1.108 
e030 
1 5 9 1  
0 3 0  
2.394 
.3 7 6  
3.997 
.395 
3.996 
.418 
3 9 9 6  
.445 
7.996 
.470  
3.995 
a 512 
3.994 
542  
3.993 . 579  
3 9 9 1  
.~ - 
. ... 
0.00 
0.00 
0 . 0 0  
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
046  
1.537 
049  
1.663 
049  
2.046 
,049 
2.716 
- 4 0 9  
3.929 
.433 
3 927 
4 6 1  
3 925 
,494 
3.923 
.533 
3.921 
.577 
3 918 
623 
3.313 
6 8 1  
- 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
260  
2.036 
- 2 9 0  
2.040 
263 
2.320 
. 
e195 
2 .822 
1.186 
3.767 
1.206 
3.765 
1.230 
3.762 
1 e257 
3.759 
. .  
0.00 
0.00 
0.00 
0.00 
0.00 
0 .oo 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
a260  
2.237 
2 9 0  
2 2 6 0  
3 3 2  
2.459 
. 4 0 7 -  
2.839 
1.867 
3.512 
1-;-884 
3.509 
1 9 0 3  
3.505 
.. . .. 
0.00 
c.00 
0 . 0 0  
0.QO 
0.00 
0.00 
0.00 
G.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
2 6 0  
2.239 
. 2 9 0  
. . ._ 
2.277 
- 3 3 2  
2.426 
.. - .. 
4 0 7  
2.678 
2.453 
3.163 
2.466 
3.160 
2.481 
3.156 
o t o o  
G.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
260 
2.089 
290 
2.149 
.332 
2.275 
407  
2.494 
2.943 
2.720 
2.953 
2.717 
2.965 
2.713 
1.925 2.499 2.9-76 
3.502 3.152 2.709 
1.290 1.952 2.520 2.995 
3.755 3.497 3.146 2.703 
1 i X Q  1.984 2 . 5 4 6  3.015 
. . TZ[1R.Q. U 
0.00 T Z O R O  1 4  
Q.00 TZOQD. 1 4  
0.00 TZORO 1 5  
0.00 TZORr) 1 5  
0.00 TZOQr) 1 6  
O * O O  TZORO 1 6  
0100 TZrjRD 1 7  
0.00 TZ'7RD 1 7  
TZORQ 1 4  
T_ZERD I 5  
T Z O R D  1 6  
TZflRD 17 
0.60 TZORD 1 8  
TZDPD 1 8  
0.00 T Z O R D  1 8  
0.09 TZORD 1 9  
0.00 TZORD 1 9  
TZQR0 19 
0.00 T Z n R D  2 0  
TZORD 20 
1 . 7 9 1  WAF040 5 
WAFORD 5 
0.00 TZDRO 20 
,260 WAFOQO 5 
e290 WAFORO 6 
1.849 WAFOPD 6 
WAFORD 6 
e332 WAFORD 7 
1.930 WAFORD 7 
WAFORD 7 
,407 WAFOQD 8 
1.952 WAFORD 8 
WAFOPD 8 
3.340 WAFOSD 9 
WAFORO 9 
3.347 WAF04010 
3.179 WAFDRDLO 
WAF04D10 
2.182 WAFORD 9 
3.356 WAFORDll 
2.176 WAFOQDll 
WAFORDll 
3.366 W 4 F 0 4 D l I  
WAF04012 
2.172 WAFORD12 
3.378 WAF04013 
2.167 WAFORD13 
YAF0QD13 
3*3Q2 YA€QRD14 
3.730 3.491 3.140 2.697 2.162 U4FORDi4 
WAF04014 
1.376 2 . 0 2 2  2.576 3.038 3.409 WAFDQO15 
3.744 3.483 3.132 2.689 2.155 WAF04015 
WAFORD15 
1.435 2.070 2-0614 3.067 3.430. UA-FOROL6 
WAFOR016 
3.908 3.736 3.474 3.122 2.679 2.146 WAFOSDlb 
1 4  
TABLE I.- Continued 
(a 1 Continued 
0.000 
3 771  
1.513 
0. o o p  
3.745 
1 500  
0.000 
3.777 
1,402 
0.00.0 
3.824 
1.45’. 
0.00 
38.13 
0.00 
0.00 
0 . 0 3  
0.00 
0.03 
0.51 
,209  
3.898 
e 8 0 2  
,218 
3.911 
.795 
,210  
3.928 
.785 
-.?I? 
3.95c 
- 7 6  7 
3.81 
4 1  e 9 1  
0.00 
0.00 
0.00 
0.00 
0.26 
0.26 
* 445 
3 v 987 
- *  000 
48.2 
-. 000 
529 
3.994 - . 000 
e.605 
3 9 9 6  -. 000 
7.62 
45.72 
0.00 
oeoo 
0.00 
0.00 
0.51 
0.00 
$9 990  
6 2 7  
3.988 
.e694  . 
3.984 
7 8 6  
3 e976 
.e_6_5 
3.962 
11.43 
49.53 
0.00 
0.00 
0.72 
e 7 5 6  
3 9 0 1  
.845 
3 8 9 1  
936  
3. 875 
19076 
3.847 
15.24 
53.34 
0.00 
0.00. 
0.88  
1 .511  
3.725 
1 e614 
3.711 
1 7 6 0  
3.688 
I r.98 3 
3.651 
19.05 
57.15 
0.00 
0.00 
0.98 
. 
2 1 3 2  
3.461 
2.216 . 
3.444 
2.334 
3.418 
2 1 3 1 4  
3.375 
22.86 
60.96 
-0.00 
0.00 
1.02 
2.663 
3 1 0 8  
2..729 
3 . 0 8 9  
2.823 
3.062 
2.r 944 
3.016 
26.67 
64.77 
0.00 
0.00 
0.98 
3.104 
2 e bh6 
3 155. 
2.647 
3.225 
2.620 
3.331 
2.577 
30.4A 
68.58 
0.00 
0.00 
0.88 
3.457 
2.134 
.. 3 r!!?3._ 
2.118 
3.543 
2 094 
3.0 6.1 S 
2.055 
34.29 
70.10 
0.00 
0.00  
0.-72 
WAF04D17 
V A  F 0.R D 1 7  
W4FORD17 
. Y 4 FOP-! 18 
W A  FO Q010 
W A  FORD1 8 
WAFORO19 
UAFcJRO19 
WAF URD19 
_. UAF!3RO?Q 
WAF04D2O 
WAFORO30 
XFUS 2 0  
XFUS 2 0  
Y 1 
Y 1 
z 1 
2 1 
Y 7 
Y 2 
-1.02 -0.98 -0.R8 -0.72 -0.51 -0.26 0.00 Q..26 . 0.51 . 0.72 2 2 
0.94 0.49 0.00 Y 3 
-1.89 -1.82 -1.64 -1.33 -0.94 -0.49 0.00 0.49 0.94 1.33 2 3 
1.64 1.82 1.89 2 3 
0.00 0.68 1.31 1.84 2.25 2.52 2.62- 2.52 2.25 1 ~ 8 4  Y 4 
4 
2.27 2 . 5 7  3.62 2 4 
2.21- ._P.6! _P?.O_o - . . - 0.0 op _ _  __ - ... y _ _ . .  
-2.62 -2.52 -2.27 -1.84 -1.35. -0.68 0.68 1;30 . l . k 4 .  2 4 
o l o o  
2.79 
1.69 
-3.21 
0.OQ 
1.83 
-3.66 
3.17 
0.09 
1.99 
-3.99 
3.45 
0.00 
2.Q? 
-4 19 
3.62 
P-0 0 
2312 
-4.24 
3.67 
0. or) 
2.11 
-4.22 
3.65 
0.00 
2.07 
-4.15 
3.59 
0.R3 
0.83 
-3.09 
3 ?p_P 
0.94 
0.94 
-3.53 
3.53 
1.03 
. - 3 *E+  
3 .84  
1.68 
1.oe 
- 4 . 0 3  
4 . 0 3  
. 1 LO 9% 
- 1 . 0 9 .  
-4 e 0 9  
4.09 
1.09 
1.09 
. -4 ,oc - .  
4.07 
1.07 
1.07 
1.03 
-4 00 
4.00 
1.60 2.26 
0 .oo 
- 2  e78 -2 2 6  
- ? *  2 L  .
1.83 2.58 
0 .oo 
- 3 . 1 7  - 2 . 5 R  
3.66 
0 .oo 
1.99 2.80 
- L 4 5  -2 .E1 
3 e 9 9  
2.09 2.94 
Q a00 
-3.62 -2.94 
4.18 
Z L l Z  -2 .99  
0 .oo 
- 3  a67 - 2  - 9 9  
4 e24 
2.10 2.97 
3.00 
- 3  e63 -2 -97- 
4 - 2 2  
2.07 2.92 
0.00 
- 3  e 5 9  -2.92 
4.15 
2.76 
-1.60 
3.15- 
-1.82 
3.43. 
... _. . . 
-1.98 
3.60 
-2.08 
3 r 6  5.. 
-2.11 
3.65 
-2.11 
3.57 
-2 e06 
3.09 
-0.83 
._ .
3.53 
- 0 . 9 4  
3.84 
-1.43 
4.02 
-1.08 
. .+*OR 
-1.09 
4.07 
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3.99 
-1.07 
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0; 00 
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3.66 
0.00. 
3 ..99. 
Q m00 
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0.00 
4.24 
0.00 
4.22 
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4.15 
0.00 
3.09 
0.83 
3 .+3 
0 :94 
3.84 
1.09 
4.02 
1.08 
-4eQQ 
1.09 
4.06 
1.09 
3.99 
1.07 
2.76 
l . h O  
-3 .15 
1.82 
3.43 
1.98. 
3.60 
2.08 
3-65 
2.11 
3.63 
2.10 
3.57 
2.06 
2.26 
2.26 
2 . 5 8 .  
2.58  
2, 8 0  
2J 81 
2.94 
2.94 
2 . 9.9. 
2.99 
2.97 
2.97 
2.92 
2.92 
Y 
Y 
2 
z 
Y 
.. . 
Y 
2 .. 
7 
Y 
Y 
Y 
Y 
2 
2 
Y 
2 
2 
Y 
Y 
. y .- 
5 
5 
5 
5 
6 
6 
6 
6 
7 
7 
3 
7 
8 
e 
R 
8 
9 
9 
9 
9 
10 
10 
10 
10 
11 
11 
11 
11 
1 5  
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(a) Concluded 
0.00 
2.01 
-4  03 
3.49 
0.00 
1 e93 
-3eR6 
3.34 
0.00 
1 . 9 2  
-3 .h4 
1 . 1 5  
0.03 
1.69 
-3.34 
2.91 
0.00 
1 . 5 9  
-3 .15 
2.74 
0.03 
1 .55  
-3.13 
2.69 
0.09 
1.64 
-3.29 
2.05 
0.03 
l . R O  
-7 .67  
3.11 
0 . 0 3  
l . Q 4  
-3.68 
3.19 
42.57 
0.03 
21.03 
2.11 
2.95 
1 . 0 4  
1.04 
-3.00 
3.80 
0 .99  
1 .oo 
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3.72 
0 . 9 4  
0 .94  
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STAGING - M = 3.50 (TURBOJETS) 
RECOVERY - FLY BACK AND LAND 
ALTITUDE - h = 17 km 
ORBITAL OFFSET 
HORl ZONTAL TAKE-OFF AND 
LANDING ON RUNWAY 
F i g u r e  1.- Advanced space transportation concept (Spacejet). 
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Figure 2.- Photograph of model i n  bangley Unitary Plan Wind Tunnel. 
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Figure 3. - Space jet wind-tunnel model. 
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Figure 4.- Spacejet  booster wind-tunnel model. L = 0.701 m. 
24 
.461 
cm 
cm 
M 
Figure 5.- Base and chamber pressure measurements. a = Oo. 
ORBITER BODY + WING + STRAKE 
ORBITER + BOOSTERS ORBITER + BOOSTERS + FINS 
Figure 6.- Geometry representation of input to wave drag program of reference 11. 
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Figure 7.- Booster location e f f ec t s  on minimum drag. 
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Figure 8.- Equivalent body area distribution for different inboard booster locations. 
M = 1.50; without fins. 
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THEORY EXP. CONFIGURATION 
0 O(B+W+S+F)LW + B(P+W+S+F)IN 
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Figure 9.- Effect of configuration buildup on minimum drag. 
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Figure 10.- Schlieren photographs of O(B+W+S+F)LW +- B(P+-W+S+F)IN configuration. c1 = O o .  
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Figure 11.- Oil-flow patterns of O(B+W+S+F)LW t B(P+W+S+F)IN configuration. 
37 
TOP VIEW 
a = Qo 
SIDE VIEWS 
a - 0  0 
1-8 1-1 63 
(b) M = 2.86. 
Figure 1 1. - Concluded. 
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ORBITER+BOOSTER ORB ITER ALONE 
PLANFORMS INPUT TO PROGRAM OF REF. 12 
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Figure 12.- Comparison of supersonic l i f t i n g  surface theory with experiment. 
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(a) Lift coefficient. 
Figure 13.- Comparison of data with linear theory and impact theory 
for O(B+W+S)LW + B(P+W+S)IN configuration. 
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Figure 13.- Continued. 
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(c) Moment coefficient. 
Figure 13. - Concluded. 
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Figure 14.- Lateral-directional experimental characteristics of 
configuration buildup. CL = Oo. 
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Figure 15.- Effect on minimum drag of o r b i t e r  wing posit ion.  
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Figure 16.- Experimental aerodynamics a t  6 = Oo f o r  
O(B+W+S+F)LW + B(P+W+S+F)IN configurat ion.  
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Figure 17.- Experimental aerodynamics at $ = 3 O  for 
O(B+W+S+F)LW + B(P+W+S+F)IN configuration. 
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Figure 18.- Experimental aerodynamics a t  6 = Oo €or 
O(B+W+S)LW + B(P+W+S)IN configurat ion.  
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Figure 19.- Experimental aerodynamics at 6 = 3 O  for 
O(B+W+S)LW + B(P+W+S)IN configuration. 
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Figure 20.- Experimental aerodynamics at 6 = Oo for 
O(B+W+S)LW + B(P)IN configuration. 
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Figure 21.- Experimental aerodynamics at 6 = 3 O  for 
O(B+W+S)LW + B(P)IN configuration. 
44 
. -8 -4 0 4 8 I2 16 
Figure 22.- Experimental aerodynamics at B = Oo for 
O(B+W+S)LW configuration. 
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Figure 23.- Experimental aerodynamics at B = 3 O  for 
O(B+W+S)LW configuration. 
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Figure 24.- Experimental aerodynamics at B = 00 for 
O(B+W)LW configuration. 
Figure 25.- Experimental aerodynamics at 6 = Oo for 
O(B+W+S)LW + B(P+W+S)IF configuration. 
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26.- Experimental aerodynamics at B = Oo for 
O(B+W+S)LW + B(P+W+S)IA configuration. 
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Figure 27.- Experimental aerodynamics at 6 = O o  for 
O(B+W+S)LW + B(P+W+S)ON configuration. 
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Figure 28.- Experimental aerodynamics at B = Oo for 
O(B+W+S)HW + B(P+W+S)IN configuration. 
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Figure 29.- Experimental aerodynamics at 6 = 3 O  for 
O(B+W+S)HW + B(P+W+S)IN configuration. 
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